The low-density lipoprotein (LDL) receptor-related protein (LRP) is a multiligand endocytic receptor that belongs to the LDL receptor family. Recently, studies have revealed new roles of LDL receptor family members as transducers of extracellular signals. Our previous studies have demonstrated LRP phosphorylation within its cytoplasmic tail, but the nature of LRP phosphorylation and its potential function was unknown. In the present study using both in vivo and in vitro analysis, we found that LRP phosphorylation is mediated by the cAMP-dependent protein kinase A (PKA). Using site-directed mutagenesis and LRP minireceptor constructs, we further identified the predominant LRP phosphorylation site at serine 76 of its cytoplasmic tail. Finally, we demonstrated that mutations of serine 76, which abolish LRP phosphorylation by PKA, result in a decrease in the initial endocytosis rate of LRP and a lower efficiency in delivery of ligand for degradation. Thus, the role of PKA phosphorylation of LRP in receptor-mediated endocytosis may provide a mechanism by which the endocytic function of LRP can be regulated by external signals.
The low-density lipoprotein (LDL) receptor-related protein (LRP) is a member of the LDL receptor (LDLR) gene family, which also include in mammals: LDLR itself, the very-lowdensity lipoprotein receptor (VLDLR), megalin-LRP-2, apolipoprotein E receptor-2 (apoER2)-LR8B, and LR11-sorLA-1 (30, 44, 54, 55) . LRP is synthesized as a 600-kDa single-chain precursor, which undergoes posttranslational proteolytic processing within the trans-Golgi compartment by the endopeptidase furin (21, 53) . This posttranslational processing results in a formation of mature LRP as a noncovalently associated heterodimer, consisting of the extracellular 515-kDa chain and the transmembrane 85-kDa chain (21) . The 515-kDa subunit contains all the putative ligand-binding domains including 31 copies of complement-type ligand-binding repeats arranged in four clusters of 2, 8, 10, and 11. In addition, there are 22 copies of the cysteine-rich epidermal growth factor (EGF)-type repeat flanking the ligand-binding clusters (30, 44) . The multiple domain structure of LRP provides potential binding sites for many structurally and functionally diverse ligands including apolipoprotein E-lipoproteins, ␣ 2 -macroglobulin, plasminogen activators, and ␤-amyloid precursor protein (7, 30, 44) . Ligand interactions with LRP can be antagonized by a 39-kDa receptor-associated protein (RAP), a unique LRP ligand frequently used as a tool in the study of ligand-receptor interaction. RAP also functions intracellularly as a molecular chaperone for LRP and facilitates LRP folding and trafficking within the secretory pathway (7) . Increasing evidence has shown that LRP plays important roles in lipoprotein remnant catabolism (52) , protease regulation (49) , cell migration (50, 51) , neuronal process outgrowth (23) , and the pathogenesis of Alzheimer's disease (29, 48) .
Despite extensive studies on the extracellular domains of the LDLR members in ligand binding, information regarding the structural and functional elements within their cytoplasmic tails has just recently begun to emerge. It has been demonstrated that cytoplasmic adaptor proteins, FE65 and mammalian Disabled proteins, interact with the NPXY motifs in the cytoplasmic tails of LRP, LDLR, VLDLR, apoER2, and megalin (24, 40, 46, 47) . In addition, it was shown that VLDLR and apoER2 function as obligate components in the Reelin/Disabled-mediated signal transduction during neuronal development (10, 22, 47) . More recently, we have demonstrated that the YXXL motif, but not the two NPXY sequences, within the 100-amino-acid cytoplasmic tail of LRP serves as the dominant signal for receptor-mediated endocytosis (33) . Potential signaling functions for the lipoprotein receptors have also been suggested from other observations. For example, Goretzki and Mueller (16) have shown that the LRP tail interacts with a GTP-binding protein and that ligand binding to LRP induces cyclic AMP (cAMP)-dependent protein kinase A (PKA) activity. Our previous studies have shown that the cytoplasmic tail of LRP is phosphorylated (8) . However, the nature of this phosphorylation and its potential function are unclear. In the present study, we report that LRP phosphorylation is mediated by PKA at residue serine 76 of its cytoplasmic tail and that this phosphorylation contributes to receptor-mediated endocytosis. P]orthophosphate per ml in 0.7 ml of medium. After 1 to 4 h of labeling at 37°C, cells were washed three times with phosphate-buffered saline (PBS) and then solubilized for 30 min at 4°C in 500 l of lysis buffer (PBS containing 1% Triton X-100, 1 mM glycerophosphate, 1 mM sodium orthovanadate, 5 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 1ϫ Complete). Following immunoprecipitation with either anti-LRP or anti-HA antibody, samples were examined via SDS-PAGE.
In vitro phosphorylation of GST-LRP-tail. In vitro phosphorylation assays for GST and GST-LRP-tail by PKA or PKC were carried out at 30°C. The PKA assay was performed according to the manufacturer's instructions, with each assay containing 100 ng of catalytic subunit of PKA and 0.6 g of individual substrate. The experiments were performed in parallel with or without the addition of a PKI. The PKC assay was also performed according to the manufacturer's instructions with 100 ng of PKC used in each assay. After 10-min incubations for both the PKA and the PKC assays, GST or GST-LRP-tail was precipitated by using trichloroacetic acid (TCA; final concentration, 20%) containing 0.5% SDS. The precipitates were then dissolved in Laemmli sample buffer and separated by using SDS-12% polyacrylamide gels, and phosphorylated proteins were detected by autoradiography.
Flow cytometric analysis of cell surface LRP minireceptors. For cell surface LRP minireceptor analysis, living cells were used (33) . Briefly, CHO cells were detached by incubation with nonenzymatic cell dissociation solution. Successive incubations with affinity-purified anti-HA IgG (25 g/ml) and goat anti-mouse immunoglobulin-FITC were carried out at 4°C for 45 min. The background fluorescence intensity was assessed in the absence of primary monoclonal antibody. The antibody binding capacities were evaluated from the standardized Quantum Simply Cellular bead calibration plot (56) . The bead standards consist of four populations of microbeads coated with goat anti-mouse antibody which bind different numbers of mouse IgG monoclonal antibody molecules (5686, 18,329, 50,908, and 150,477 molecule-binding capacities) in addition to a blank population. The beads were stained in the same way as the CHO cells.
Saturation-binding analysis. RAP saturation-binding analysis was performed essentially as described earlier (25) . Cells were cultured in 12-well plates to approximately 10 6 cells per well. Cell monolayers were rinsed twice in ice-cold ligand-binding buffer (minimal Eagle medium containing 0.6% bovine serum albumin [BSA] ).
125 I-RAP at various concentrations, either in the absence or in the presence of 500 nM RAP, was added in cold ligand-binding buffer (0.6 ml/well), and the incubation was carried out at 4°C for 60 min with gentle rocking. Thereafter, overlying buffer containing unbound ligand was removed, and the cells were washed and lysed in low-SDS lysis buffer (62.5 mM Tris-HCl, pH 6.8; 0.2% SDS; 10% [vol/vol] glycerol) and counted.
Kinetic analysis of endocytosis. Stably transfected CHO cells were plated in 12-well plates at a density of 2 ϫ 10 5 cells/well and used after overnight culture. Cells were rinsed twice in ice-cold ligand-binding buffer, and 125 I-RAP was added at a 5 nM final concentration in cold ligand-binding buffer (0.5 ml/well). The binding of 125 I-RAP was carried out at 4°C for 30 min with gentle rocking. Binding of 125 I-RAP was specific, i.e., the addition of 100-fold excess unlabeled RAP inhibited binding by 90 to 95%. Unbound ligand was removed by washing cell monolayers three times with cold binding buffer. Ice-cold stop-strip solution (0.2 M acetic acid, pH 2.6; 0.1 M NaCl) was added to one set of plates without warming up, and then the cells were kept on ice. The remaining plates were then placed in a 37°C water bath, and 0.5 ml of ligand-binding buffer prewarmed to 37°C was quickly added to the well monolayers to initiate internalization. After each time point, the plates were quickly placed on ice and the ligand-binding buffer was replaced with cold stop-strip solution. Ligand that remained on the cell surface was stripped by incubation of cell monolayers with cold stop-strip solution for a total of 20 min (0.75 ml for 10 min, twice) and counted. Cell monolayers were then solubilized with low-SDS lysis buffer and counted. The sum of ligand that was internalized plus those remained on the cell surface after each assay was used as the maximum potential internalization. The fraction of internalized ligand after each time point was calculated and plotted.
Ligand degradation efficiency. Ligand degradation efficiency was performed by using the methods described elsewhere (9, 31, 33) . Briefly, 2 ϫ 10 5 cells are seeded into 12-well dishes 1 day prior to the assays. Assay buffer (minimal Eagle medium containing 0.6% BSA with 5 nM radioligand at 0.6 ml/well) was added to cell monolayers, in the absence or in the presence of unlabeled 500 nM RAP, and followed with incubation for 2 h at 37°C. Thereafter, the medium overlying the cell monolayers was removed, and proteins were precipitated by the addition of BSA to 10 mg/ml and TCA to 20%. Degradation of radioligand was defined as the appearance of radioactive fragments in the overlying medium that were soluble in 20% TCA. The cell numbers of each well were counted in parallel plates that did not contain LRP ligands. The ligand degradation efficiency is the value of degraded ligand (counts per minute per 10 6 cells) divided by the number of cell surface LRP minireceptors (determined by flow cytometry [see above]) and calculated relative to wild-type mLRP4T100.
RESULTS
LRP phosphorylation is inhibited by wide-spectrum serinethreonine kinase inhibitors and by specific PKA inhibitors. Our previous studies have shown that LRP is phosphorylated in a neuronal cell line (8) . To investigate whether LRP phosphorylation is a general feature of this endocytic receptor, we tested basal levels of LRP phosphorylation in several mammalian cell lines including human hepatoma HepG2, CHO, and U87 cells. We found that LRP is phosphorylated in all of the cell lines examined, with the highest phosphorylation seen in the human glioblastoma U87 cells (data not shown; see references 4 and 5). The LRP tail contains 100 amino acid residues, including four tyrosine, six threonine, and three serine residues. The most noticeable sequence elements within LRP tails are the two NPXY signals, which are also found in the cytoplasmic tails of other members of the LDL receptor gene family and interact with the cytoplasmic adaptor proteins (40, 46, 47) . In the EGF receptor, the tyrosine residue within the NPXY motif is phosphorylated (34) . In order to assess the possibility of tyrosine phosphorylation of the LRP tail, we analyzed the effect of two potent inhibitors of tyrosine kinases, genistein and lavendustin A, on LRP phosphorylation in U87 cells. Figure 1A shows that neither genistein nor lavendustin A has any significant effect on the level of LRP phosphorylation in U87 cells, suggesting that tyrosine sites are unlikely to be involved in LRP phosphorylation. In contrast, broad-spectrum kinase inhibitors staurosporine and K-252a, which inhibit serine-threonine kinases, markedly decreased the level of LRP phosphorylation (Fig. 1A) , indicating that LRP phosphorylation may occur on serine and/or threonine residue.
Further examination of the LRP tail sequence identified a consensus sequence (RXS) for PKA. To examine whether PKA contributes to LRP phosphorylation, we assessed the effect of PKA specific inhibitors on LRP phosphorylation (Fig.  1B) . We found that LRP phosphorylation in U87 cells is significantly decreased in the presence of either H-89, a relatively specific inhibitor of PKA, or the myriostylated pseudosubstrate for PKA, PKI. The decreases of LRP-85 phosphorylation from several such experiments were 61% Ϯ 8% (i.e., the standard error [SE] for this and subsequent statistics; n ϭ 3) for H-89, and 60% Ϯ 10% (n ϭ 3) for PKI compared to the vehicle controls. These results suggest that PKA is likely a major kinase that phosphorylates LRP on serine residue(s).
GST-LRP-tail is phosphorylated by PKA. Since the RHS sequence within the LRP tail is also a potential phosphorylation site for PKC (41), we examined whether PKA and/or PKC are capable of phosphorylating the LRP tail in vitro. For these studies, we generated a GST-LRP-tail fusion protein, which includes the entire tail sequence of LRP. The fusion protein was purified via glutathione-agarose affinity chromatography. A Coomassie blue-stained gel of the purified GST-LRP-tail is shown in Fig. 2A . As shown in the figure, the GST-LRP-tail exhibits an expected molecular size of ϳ37 kDa, whereas GST alone is ϳ27 kDa. Western blotting analyses confirmed that the 37-kDa GST-LRP-tail band is immunoreactive with antibody to LRP (data not shown).
We then analyzed whether the GST-LRP-tail can be phosphorylated by PKA. As shown in Fig. 2B , the purified GST-LRP-tail was specifically phosphorylated by the purified PKA catalytic subunit. The specificity of PKA phosphorylation is further confirmed by the inhibition of PKI. In a similar assay, we examined the effect of PKC on GST-LRP-tail phosphorylation. We found that while a PKC substrate was readily phosphorylated in this assay, the GST-LRP-tail fusion protein was not phosphorylated by purified PKC. These results together further suggest that PKA, but not PKC, is capable of phosphorylating the LRP tail in vitro.
LRP is phosphorylated on serine 76 of its cytoplasmic tail. The very large size of LRP (ϳ600 kDa) limits molecular manipulations at the cDNA level and the expression of this protein via transfection. Therefore, we generated an LRP minireceptor that mimics the function and trafficking of LRP. This LRP minireceptor encodes residues 3274 to 4525 of the fulllength LRP (20) , i.e., the fourth cluster of ligand binding repeats through the carboxyl terminus of the receptor (designated mLRP4T100, with "m" indicating that it is membrane containing, "4" representing the fourth cluster of ligand-binding repeats, "T" representing the cytoplasmic tail, and "100" representing the 100 amino acid residues within the LRP tail (see Fig. 3A and reference 39). To facilitate immunoprecipitation and Western blot analysis, an HA epitope was included near the amino-terminal end of mLRP4T100.
Since both our in vitro and in vivo results suggested PKA phosphorylation of the LRP tail ( Fig. 1 and 2 ) and that the cytoplasmic tail of the LDL receptor may be phosphorylated on a serine residue (27) , we targeted the three serine residues within the LRP tail for deletion and mutagenesis analyses. The three serine residues within the LRP tail are closely localized at residues 73, 76, and 79 (the first amino acid following the transmembrane domain is numbered 1). In order to assess the possibility of serine residue phosphorylation, we made three deletion constructs of LRP minireceptors (Fig. 3A) . As illustrated in the figure, mLRP4T78 is a truncated LRP minireceptor with 78 amino acid residues in its tail and lacks the third serine residue, whereas mLRP4T72 is a truncated LRP minireceptor with 72 amino acid residues in its tail and lacks all three serine residues. mLRP4Ttailess contains only the fourth ligand-binding domain and the transmembrane domain with no cytoplasmic residues (Fig. 3A) . Our previous studies using soluble and membrane-containing LRP minireceptors have shown that proper folding of these minireceptors is facilitated by the coexpression of RAP (6, 38, 39) . Thus, we transiently transfected cDNAs for mLRP4 constructs into U87 cells with cotransfection of RAP. Metabolic labeling with [ 35 S]cysteine followed with immunoprecipitation showed that the four minireceptors are expressed and processed similarly (Fig. 3B , lanes 2 to 5). For mLRP4T100, four distinct bands are seen on the SDS-6% PAGE gel under reducing conditions. The 85-kDa band and the 120-kDa band represent the furin-processed minireceptor forms that correspond to the LRP-85 and LRP ligand-binding domain 4 (LRP-LBD4), respectively (39) . The uppermost band at ca. 205 kDa represents the full-length minireceptor which was not cleaved in the trans-Golgi, probably due to a saturation of furin cleavage in transiently transfected cells. The band that migrates slightly faster than the full-length form represents the endoplasmic reticulum (ER) form devoid of complex sugar modification (lane 3 [39] ). mLRP4Ttailess (lane 2), mLRP4T78 (lane 4), and mLRP4T72 (lane 5) exhibit similar banding patterns, except that LRP-85 bands migrate faster than that of mLRP4T100 due to the tail truncations.
[ 32 P]orthophosphate labeling of the same transfections showed that only mLRP4T100 was phosphorylated (Fig. 3B,  lane 8) . It was noted that not only LRP-85 but also the fulllength minireceptor was phosphorylated, suggesting that at least part of the full-length form of the minireceptor was presented on the cell surface. The presence of nonprocessed mLRP4T100 on the cell surface was confirmed by cell surface iodination and immunoprecipitation (data not shown). As expected, mLRP4Ttailess was not phosphorylated (lane 7). However, the fact that mLRP4T72 and mLRP4T78 are not phosphorylated (lanes 9 and 10) suggests that LRP phosphorylation occurs within the last 28 residues of the LRP tail, most likely on the three serine residues.
Based on these results, we generated single, double, or triple serine-to-alanine mutations using site-directed mutagenesis techniques and mLRP4T100 as the template (Fig. 4A) . Compared to the wild-type mLRP4T100, the level of LRP tail phosphorylation was decreased to 57.8% Ϯ 6.9% (n ϭ 4 for all the constructs) for mLRP4T100(S73A), 4.5% Ϯ 3.2% for mLRP4T100(S76A), and 48.8% Ϯ 7.5% for mLRP4TS79A. These results strongly suggest that the serine 76 was the major, if not the only, phosphorylation site within the LRP tail. As seen in the figure, all of the double or triple mutations resulted in little or no phosphorylation of the minireceptor (Fig. 4B,  lanes 7 to 10) .
In Fig. 3B , we have shown that mLRP4T78 is not phosphorylated (Fig. 3B, lane 9) . It is particularly interesting that the level of mLRP4T100(S73A,S79A) phosphorylation was very low compared to their single mutants, which agrees well with the result of Fig. 3B that mLRP4T78 is not phosphorylated, suggesting that the serine 73 and the serine 79 might function in a coordinated fashion for the docking of the kinase and are part of the phosphorylation motif of LRP tail. These results together allow us to conclude that serine 76 within the LRP tail is the major phosphorylation site for LRP, which is consistent with PKA-mediated phosphorylation of LRP as demonstrated above. To confirm these results, we generated stably transfected cell lines expressing mLRP4T100 or its serine mutants in an LRPnull CHO cell line (13) . Because a threonine residue can also potentially be phosphorylated by PKA, we also mutated serine 76 to threonine. Figure 5A shows that mLRP4T100 and its mutants were expressed at similar levels as revealed by Western blot analyses. Since the HA epitope was included near the amino terminus of the LRP minreceptors, Western blot analyses with HA antibody did not detect the LRP-85 band. However, the presence of this band was confirmed by metabolic labeling with [ 35 S]cysteine (data not shown). [ 32 P]orthophosphate labeling showed that mLRP4T100 was strongly phosphorylated (Fig. 5B, lane 2) , whereas neither mLRP4T100 (S76A) nor mLRP4T100(S76T) was phosphorylated (lanes 4 and 6). Similar to the data obtained from the transient transfection, the level of LRP tail phosphorylation was significantly decreased for mLRP4T100(S73A) in stably transfected CHO cells (lane 3), while mLRP4T100(S79A) exhibits a nearly normal level of LRP cytoplasm tail phosphorylation (lane 5).
To confirm the role of PKA on LRP phosphorylation, we assessed the effect of the specific PKA inhibitor on wild-type mLRP4T100 phosphorylation. As shown in Fig. 5C , the specific PKA inhibitor PKI markedly decreased the phosphorylation of mLRP4T100 to 30% Ϯ 8% of the control level (Fig. 5C,  n ϭ 3) . These results together further indicate that LRP phosphorylation is mediated by PKA on the serine 76 residue within its cytoplasmic tail and that the phosphorylation is specific for serine but not for theronine.
By using flow cytometry, we found that the number of mLRP4T100 on the surface of stably transfected CHO cells is ϳ36,700 sites per cell. In our previous studies using quantitative immunoelectron microscopy, we have shown that there are about 28% of mature LRP localized on the cell surface (4) . To analyze the percentage of mature LRP being phosphorylat- ed at steady state, we quantitated the number of phosphate groups following 4 h of metabolic 32 P labeling with a known number of total matured LRP minireceptors using methods described previously (12) . We found that about 15% of mature mLRP4T100 was phosphorylated under these conditions (data not shown). This percentage of LRP phosphorylation resembles that of another endocytic receptor, the asialoglycoprotein receptor (12) . These results suggest that at steady state only a certain population of LRP is phosphorylated and that this phosphorylation may be regulated under some conditions. Forskolin enhances LRP phosphorylation. To further analyze the role of PKA in LRP phosphorylation, we assessed the effect of a specific cAMP-PKA stimulator forskolin. As seen in Fig. 6 , forskolin markedly increased the phosphorylation of the endogenous LRP in U87 cells (Fig. 6A) , as well as the phosphorylation of mLRP4T100 in CHO cells (Fig. 6B) . The increases of LRP phosphorylation in the presence of forskolin were 162% Ϯ 8% (n ϭ 3) of the control level for endogenous LRP and 141% Ϯ 9% (n ϭ 3) of the control level for mLRP4T100.
Binding affinity of RAP is not affected by phosphorylation mutation. Having established that LRP phosphorylation occurs on serine 76 by PKA, we then investigated potential function of LRP phosphorylation. Our previous studies have shown that the fourth ligand-binding domain of LRP binds RAP with high affinity (6, 33, 38, 39) . Using RAP saturation binding, we then compared RAP binding affinity of wild-type mLRP4T100 with its phosphorylation mutant expressed in stably transfected CHO cells. Scatchard analysis of RAP binding is consistent with a single homogeneous population of binding sites (data not shown). It was found that mLRP4T100 and mLRP4T100 (S76A) exhibited similar RAP binding affinity, with equilibrium dissociation constant (K d ) values of ϳ2.2 and ϳ2.4 nM, respectively. These affinities of RAP for LRP minireceptors are comparable to that of endogenous full-length LRP, which on hepatoma cells exhibited a K d of ϳ3.3 nM (25). These results together indicate that endogenous LRP, mLRP4T100, and mLRP4T100(S76A) have a similar RAP binding affinity.
LRP phosphorylation contributes to receptor-mediated endocytosis. LRP is a cell surface endocytic receptor that undergoes constitutive endocytosis in the presence or absence of its ligands. In order to further assess the function of the receptor phosphorylation, we compared the endocytosis rates of mLRP4T100 and its mutants. Our recent studies have shown that the majority of LRP endocytosis is mediated by the YXXL and the distal dileucine motifs and that the two NPXY motifs and the proximal dileucine motif do not contribute to initial endocytosis (33) . Thus, we utilized the proximal dileucine mutant, mLRP4T100(L43A,L44A), as our negative control since our previous experiments have shown that the endocytosis rate of mLRP4T100(L43A,L44A) is identical to that of wildtype mLRP4T100 (33) . The level of mLRP4T100(L43A,L44A) phosphorylation is similar to that of wild-type mLRP4T100 (Fig.  5B, lane 7) . As expected, the endocytosis rate of mLRP4T100 (L43A,L44A) was indistinguishable from that of mLRP4T100 (Fig. 7A) . However, the endocytosis rate for the phosphorylation mutant, mLRP4T100(S76A), is reduced compare to that of the wild-type mLRP4T100 (Fig. 7B) . This reduction of initial endocytosis rate by phosphorylation mutation was also observed in several other mLRP4T100(S76A) stable cell lines examined (data not shown).
To confirm the role of LRP phosphorylation on receptor endocytosis, we compared the endocytosis rate of wild-type mLRP4T100 to that of other LRP minireceptor mutants. mLRP4T100(S79A), which possesses a high level of cytoplasmic tail phosphorylation, exhibits an endocytosis rate identical to that of mLRP4T100 (Fig. 7C) . On the other hand, mLRP4T100(S73A), with a reduced level of cytoplasmic tail phosphorylation, exhibits an impaired endocytosis rate (Fig.  7D) , while the phosphorylation mutant mLRP4T100(S76T) exhibits a significantly lower level of endocytosis (Fig. 7E) .
Based on the above results, we analyzed the percentage of total initial bound 125 I-RAP that has been internalized by different LRP minireceptors after the medium was warmed up at 37°C for 30 s. As shown in Fig. 8, mLRP4T100, mLRP4T100 (S79A), and mLRP4T100(L43A,L44A) exhibit similar levels of 125 I-RAP internalization. On the other hand, mLRP4T100 (S76A) and mLRP4T100(S76T) exhibit significantly lower levels of 125 I-RAP internalization. Taken together, these results strongly indicate that LRP phosphorylation is involved in receptor endocytosis.
To further confirm the role of LRP phosphorylation on receptor-mediated endocytosis, we then investigated the efficiency of LRP ligand degradation for wild-type mLRP4T100 and its phosphorylation mutant mLRP4T100(S76A) (Fig. 9) . By using flow cytometry, we found that the numbers of LRP minireceptor on the surface of CHO cells stably transfected with mLRP4T100 and mLRP4T100(S76A) are 36,700 and 51,700 sites per cell, respectively. Consistent with the numbers of the minireceptors on the cell surface, the levels of 4 nM 125 I-RAP binding to cell surface mLRP4T100 and mLRP4T100(S76A) after incubation at 4°C for 1 h were 1.6 and 2.5 fmol/g of cell protein, respectively. After we normalized the degradation by using the receptor numbers, we found that 125 I-RAP degradation efficiency by mLRP4T100(S76A) stable cells was decreased to ϳ74% compared to that of wildtype mLRP4T100 cells (Fig. 9) . Our recent studies showed that mLRP4T100 is able to degrade scuPA efficiently (L. M. Obermoeller and G. Bu, unpublished data). Unlike RAP, scuPA is a physiological ligand for LRP (28) . Thus, we utilized scuPA to measure the efficiency of ligand degradation by LRP minireceptor cell lines. Similar to that seen with 125 I-RAP, LRP phosphorylation mutant cells exhibited slower degradation of 125 I-scuPA (62% compared to that of wild-type mLRP4T100 cells; see Fig. 9 ). Taken together, these data clearly demonstrate that LRP phosphorylation regulates its endocytosis rate and ligand delivery for degradation.
DISCUSSION
Phosphorylation of cell surface receptors is one of the most important mechanisms by which receptor trafficking and/or signal transduction is regulated (19, 32, 42) . Until recently, little was known regarding phosphorylation and its function for members of the LDLR gene family. Studies by Kishimoto et al. (27) demonstrated that the cytoplasmic tail of the LDLR could be phosphorylated on a serine residue by an LDLR kinase which was purified from the cytosol of bovine adrenal cortex and shared several properties with casein kinase II. However, this phosphorylation event occurs only in vitro, since neither cultured human fibroblasts nor A431 carcinoma cells were able to incorporate [ 32 P]orthophosphate into the LDLR (27) . Our previous studies have demonstrated LRP phosphorylation within its cytoplasmic tail (8) . However, the nature of LRP phosphorylation and its potential function was unknown. By using specific protein kinase inhibitors, truncated LRP minireceptors, and site-directed mutagenesis techniques, we now provide direct evidence that serine 76 within the LRP cytoplasmic tail is the major phosphorylation site. In addition, our in vitro and in vivo phosphorylation analyses demonstrate that LRP phosphorylation is mediated by PKA. Furthermore, we show that phosphorylation of LRP contributes to receptormediated endocytosis. The mutations of serine 76 to alanine or theronine, which abolish LRP phosphorylation by PKA, result in a decrease in both the initial endocytosis rate of LRP and the efficiency of ligand delivery for degradation.
The two neighboring serine residues (serine 73 and serine 79) may also contribute to LRP phosphorylation. In our transient-transfection experiments, both mLRP4T100(S73A) and mLRP4T100(S79A) show lower levels of cytoplasmic tail phosphorylation compared to that of wild-type mLRP4T100. However, the level of mLRP4T100(S79A) phosphorylation is nearly normal in stably transfected CHO cells, while the level of mLRP4T100(S73A) phosphorylation is significantly decreased. Nevertheless, our results strongly indicate that serine 76 is the major site of LRP phosphorylation. Thus, the serine 73 and the serine 79 might function in a coordinated fashion for the docking of the kinase and are part of the phosphorylation motif of the LRP tail.
LRP belongs to the class of receptors that undergo constitutive endocytosis in the presence or absence of ligands. This feature may be determined by the constant exposure of its endocytosis signals and is highlighted by its concentrated distribution within clathrin-coated pits on the cell surface (4, 33) . We recently reported that the YXXL motif within the cytoplasmic tail of LRP serves as the dominant signal for LRP endocytosis and that the distal dileucine motif within the LRP tail also contributes to its endocytosis (33) . In the present study, we demonstrate that LRP-mediated endocytosis is further regulated by PKA phosphorylation of the LRP cytoplasmic tail. Our results are consistent with a previous report demonstrating that LRP-mediated endocytosis is inhibited by specific PKA inhibitors H-89 and PKI (15) .
Goretzki and Mueller have reported that the cytoplasmic tail of LRP interacts with a GTP-binding protein, suggesting that LRP may be coupled to a heterotrimeric G protein (16) . Furthermore, they demonstrated that treatment of LRP-expressing cell lines with LRP ligands lactoferrin and urokinase-plas- minogen activator inhibitor complex resulted in a significant increase in the intracellular cAMP level and PKA activity (16) . LRP, like other members of the LDLR family, contains only a single transmembrane domain, and thus its membrane topology differs from those of classical heptahelical G protein-coupled receptors. However, it has been shown previously that single transmembrane receptors, such as the insulin receptor, the mannose 6-phosphate-insulin-like growth factor II receptor, and the EGF receptor, are coupled to heterotrimeric G proteins (26, 36, 45) . For several members of the G proteincoupled receptor family, in particular the ␤ 2 -adrenergic receptor, ligand-induced phosphorylation of serine residues in the carboxyl-terminal domain of the molecule leads to recruitment of nonvisual arrestins that both uncouple associated heterotrimeric G proteins and act as adaptors to recruit the receptor into clathrin-coated pits (14) . Since our present results demonstrate that the LRP tail is phosphorylated by PKA and that this phosphorylation facilitates endocytosis, it is possible that ligand binding to LRP regulates receptor-mediated endocytosis via enhanced PKA phosphorylation of LRP. Taken together, it is likely that the binding of certain LRP ligands induces a dissociation of the stimulatory heterotrimeric G protein subunit, which leads to activation of the adenylate cyclase and a subsequent rise in intracellular cAMP. This, in turn, results in an enhanced PKA activity that increases LRP phosphorylation and its endocytosis. Alternatively, other signal transduction pathways that influence PKA activity can also regulate LRP phosphorylation and endocytosis.
Recently, studies have revealed new roles of LDLR family members as transducers of extracellular signals (17, 22, 24, 43, 46, 47) . It has been demonstrated that the lipoprotein receptors VLDLR and apoER2 function as obligate components in the Reelin/Disabled-mediated neuronal migration pathway (10, 22, 46, 47) . A signaling pathway involving the extracellular protein Reelin and the intracellular adaptor protein Disabled-1 is involved in the control of cell position during mammalian brain development. Disabled-1 interacts with NPXY motifs in the tails of the lipoprotein receptors (24, 46, 47) . After binding to the lipoprotein receptors VLDLR and apoER2, Reelin is internalized into vesicles and induces tyrosine phosphorylation of Disabled-1 (10, 22) . In addition, mice which lack the genes for both VLDLR and apoER2 demonstrate a neurological and neuroanatomical phenotype that is indistinguishable from animals deficient in either Reelin or Disabled-1 (47) . Potential signaling functions for the lipoprotein receptors have also been suggested from other observations. First, several studies have shown that apoE3, a ligand of LRP, increases neurite extension via LRP (1, 11, 23, 37) . Second, our previous studies have shown that negative feedback regulation of tissue plasminogen activator gene expression in colon fibroblasts is mediated via cell surface LRP (18) . Third, studies have shown that the LRP tail interacts with a GTP-binding protein induces cAMP-dependent protein kinase activity (16) . In the present study, we demonstrated that the cytoplasmic tail of LRP is phosphorylated by PKA. Although, the potential signaling pathway(s) downstream from LRP is still not clear at present, it is possible that the signaling event may be regulated by LRP phosphorylation.
In summary, our present study provides the first evidence that PKA phosphorylation of a member of the LDLR family participates in receptor-mediated endocytosis. Since protein phosphorylation is one of the major mechanisms by which cells convert extracellular signals into intracellular responses, it will be interesting to examine in future studies potential signaling events downstream from LRP phosphorylation.
